the Venus Express magnetometer detected a very strong Interplanetary Coronal Mass Ejection (ICME) event with an average field about 2 times higher than that of a typical ICME at 0.72 AU. While the effective obstacle to the solar wind is compressed to a smaller dimension during this ICME event, the bow shock is located far upstream of its nominal location. The observed shocks are weak and appear very dynamic. The location of the shock crossing can be found all along the Venus Express trajectory, which has an apocenter of 12 R V . We attribute the atypical distant bow shock location as an effect of the extremely low Mach number during the ICME. , et al. (2008), Venus Express observations of an atypically distant bow shock during the passage of an interplanetary coronal mass ejection,
Introduction
[2] Understanding the response of the planetary environment to extreme solar conditions is crucial not only in space weather studies but also in reconstructing the evolution of planetary atmospheres. Recent studies suggest that extreme solar events might play an important role in the evolution of Venus and Mars atmospheres and their water loss processes [Kulikov et al., 2006; Luhmann et al., 2007; Terada et al., 2008] . In searching for clues to the nature and strength of atmospheric evolution, one has to develop models to simulate the solar wind interaction in ancient times. These models of necessity must be tested under present solar wind conditions. Since extreme solar events could provide conditions which might more resemble the ancient solar wind, it is important to study and gather information on these events which presently rarely occur.
[3] Here we report observations of such an extreme solar event encountered by Venus Express. While the event itself is worth studying from several different aspects, we limit our effort in this paper to the atypical distant bow shock location. It is well known that the standoff distance of a shock in front of an obstacle depends on the size and the shape of the obstacle and the Mach number. In the case of Venus which has no intrinsic magnetic field, the obstacle is formed by the highly conducting ionosphere plus magnetic barrier, which is more stable to the solar wind dynamic pressure variations than the Earth's magnetosphere. In fact, the location of the Venus bow shock does not vary with solar wind pressure [Zhang et al., 2004] .
[4] Many previous researchers have examined the response of the Venus bow shock position to various external solar wind conditions [e.g., Slavin et al., 1980; Tatrallyay et al., 1983; Russell et al., 1988; Zhang et al., 1990] . It was found that Venus bow shock is controlled by solar EUV flux, solar wind Mach number, and interplanetary magnetic field (IMF) orientation. However, the data for the above studies are mainly from normal solar conditions. For example, no extremely low Mach number cases were included in these studies.
[5] Russell and Zhang [1992] first presented two cases of an atypical distant Venus bow shock which were found at 12 R V above terminator. This motivated the modification of the theoretical models for bow shock [e.g., Farris and Russell, 1994; Verigin et al., 2004] . Several cases of distant bow shocks have also been observed at Mars and Earth [Slavin et al., 1994; Fairfield et al., 2001] . Nevertheless, the catalog of the low Mach number bow shock cases is still very small, making it difficult to choose between the existing bow shock models. In this paper we present Venus Express observations of unusual distant bow shock during an Interplanetary Coronal Mass Ejection (ICME) passage. We find that the dynamics of the shock location is controlled by magnetosonic Mach number.
Observations
[6] Venus Express spacecraft has a polar orbit of 90°i nclination, a low periapsis altitude of 250-350 km at 80°N, and a 24-h period orbit [Titov et al., 2006] . The magnetometer aboard measures the magnetic field continuously along the orbit in various modes [Zhang et al., 2006 [Zhang et al., , 2007 . The data used in this study are at 1 Hz resolution in Venus Solar Orbital (VSO) coordinates where the x axis points from Venus to the Sun, the y axis is opposite to the Venus orbital motion, and the z axis is northward.
[7] Figure 1 shows the magnetic field data on 10-11 September 2006. During the 2 days, Venus Express observed an ICME with a leading shock at 1413 UT on 10 September and a 4-h sheath region thereafter. There was a well-defined left-handed flux rope (1817 UT 10 September-1640 UT 11 September). Within the flux rope, B x stayed close to zero; B y rotated from westward to eastward, while B z rotated from northward to southward and then remained southward for about 19 h.
[8] During a typical orbit, the duration between inbound and outbound bow shock crossing is about 2 h and multiple crossings rarely occur because of the favorable orbital geometry.
[9] In Figure 2 , we plot only the total field magnitude for part of the flux rope to illustrate the multiple shock crossings during this event. The first inbound bow shock was encountered at 2209 UT on 10 September 2006, and the last outbound shock was encountered at 1220 UT on 11 September 2006. Essentially, the shock crossing is rather ''randomly'' distributed along the Venus Express orbital trajectory. Altogether, we observe 18 shock crossings. In Table 1 we list for each shock crossing the timing, solar zenith angle (SZA), the shock distance, the upstream magnetic field magnitude B u , and the shock strength B d /B u which is the ratio between upstream and down field magnitudes. We use the coplanarity assumption to determine the shock normal and to obtain q Bn angle which is the angle between the shock normal and the upstream magnetic field. The magnetosonic Mach number listed in Table 1 is determined from the shock strength and q Bn based on the Rankine-Hugoniot equations by assuming the plasma is isotropic and Maxwellian upstream and downstream, b as 1, and the ratio of specific heats of the plasma as 5/3 [Kivelson and Russell, 1995] .
[10] Figure 3 displays nine distant bow shocks observed on 10-11 September. Figure 3a , 3d, and 3g display the magnitude of magnetic field as measured by Venus Express magnetometer for three relatively oblique shocks (q Bn angle around 50°) with their Mach number increasing from top to bottom. The shocks in Figures 3b, 3e , and 3h have a q Bn angle of around 60°with Mach number increasing from 1.05 to 1.20. Figures 3c, 3f , and 3i display crossings of almost perpendicular shocks with q Bn angle around 80°and mach number increasing from 1.18 to 1.40. All nine shocks display a front profile typical for subcritical shocks as the change in field magnitude that takes place in the ramp is 0.15-0.70 B u . All of the shocks except that in Figure 3d exhibit a whistler wave precursor typical of dispersive shocks, together with oscillations downstream of the ramp indicating the kinematic nature of ion relaxation [Balikhin et al., 2008] . Typical crossings of interplanetary shocks with such a high relative spacecraft shock speed do not allow the observation of the structure of the shock front and whistler wave precursor. On the contrary, all nine plots displayed in Figure 3 show well defined precursors providing another argument in favor of bow shock crossings as opposed to interplanetary shocks.
[11] Figure 4 shows the locations of the shock crossings during this ICME passage. Also depicted is the average shock position model derived from the initial Venus Express observations at solar minimum [Zhang et al., 2008a] . As shown in Figure 4 , on 10-11 September 2006, Venus' bow shock expanded far upstream and its extension was only limited by the Venus Express apocenter distance of 12 R V . It is notable that scaling this distance to the Earth's magnetospheric obstacle, this would be equivalent to finding the bow shock at a distance of 180 R E above the terminator. Thus all the unusual distant bow shock cases summarized by Fairfield et al. [2001] are far less distant compared to the case presented here. In fact, such a very atypical distant bow shock as recorded by Venus Express on 10-11 September, occurred only twice, namely, on 6 July 1981 and 4 August 1987, both at Venus [Russell and Zhang, 1992] .
Discussion
[12] As mentioned in the introduction, it was found that Venus bow shock is controlled by EUV flux, solar wind Mach number and IMF orientation. The effect of the EUV flux is mainly due to its control of the obstacle size, i.e., the upper atmosphere neutral and ionospheric ions scale heights. While EUV variation is mainly responsible for the Venus bow shock solar cycle variation [cf. Russell et al., 1988] , it probably has lesser effect on the daily shock location variation. Examining the magnetic field data on 10-11 September 2006, we find that the effective obstacle, the magnetopause of the induced magnetosphere, is located at 391 km altitude with a SZA of 71°, which is much lower than its averaged location of 738 km [Zhang et al., 2008b] . This is probably due to the enhancement of solar wind dynamic pressure within the ICME. Typically, the maxi- E00B12 ZHANG ET AL.: VENUS DISTANT BOW SHOCK mum solar wind dynamic pressure within ICMEs is about 20.7 nPa which is about 3 times higher than average solar wind condition at solar minimum [Jian et al., 2007] .
[13] Thus, the dynamic of the bow shock location in this event can only be explained by low Mach number and IMF orientation. Russell and Zhang [1992] found that when the Mach number approaches unity, the bow shock could be very dynamic. The models by Farris and Russell [1994] and Verigin et al. [2004] both indicate that the bow shock location is a very sensitive function of Mach number at low Mach numbers.
[14] Another indirect Mach number effect is the dependence of the bow shock on IMF orientation. Strictly speaking, Mach number effect includes the IMF orientation since the IMF orientation comes into play when one considers the magnetosonic Mach number. However, in common practice, one use the perpendicular magnetosonic Mach number in the solar wind to refer as the Mach number and calculates only the nose location. The field direction effect is omitted from the Mach number effect as are effects due to the flaring angle. Since q Bn , the angle between the shock normal and the upstream magnetic field, varies along the surface of the bow shock, the magnetosonic Mach number varies. This q Bn effect can move the quasi-parallel shock to be closer to the obstacle than the quasi-perpendicular shock as observed by Zhang et al. [1991] . The resulting q Bn effect on the bow shock location was determined to be 0.1 R V . This is a rather small value. However, it is worth to point out that the 0.1 R V q Bn effect was determined for normal solar wind conditions with an average Mach number of 5. This should not be true when the Mach number is very low.
[15] To combine the IMF orientation effect into the Mach number effect, we determine the real magnetosonic Mach number using the shock strength and q Bn based on the Rankine-Hugoniot equations in this study. The Mach number moderately varies between 1.05 and 1.4; thus, the shock remains in the subcritical regime. The extreme low Mach number is responsible for both the unusually distant and dynamics of the shock location during the ICME passage.
[16] While ICMEs at Venus are often observed, extremely distant bow shock observations are very rare. Since the beginning of Venus Express magnetic field measurements in April 2006, many ICMEs were identified , but distant bow shocks were only identified during the ICME presented here. Recently, Jian et al. [2007] surveyed PVO data during 1979 PVO data during -1988 , and found 124 ICMEs. However, distant bow shock crossings were only reported [2008a] . Small dots display the distant bow shock events during ICME passage. Short lines are the shock normal determined from coplanarity.
for the two events of 6 July 1981 and 4 August 1987 by Russell and Zhang [1992] , who also surveyed all the high field data.
[17] It is interesting to examine why the majority of ICMEs do not move the bow shock to an atypical distant location; that is, it is interesting to compare the properties of 10-11 September ICME case to typical ICME properties. Figure 1 shows the whole ICME lasted about 26.45 h, with a maximum magnetic field (B max ) of 35 nT. This is near values for an average ICME at 0.72 AU, which has a median duration of 23.2 h and a B max of 26 nT [Jian et al., 2007] . In addition, the ratio of sheath duration to the whole ICME duration is about 15%, close to the median value (16%) of ICMEs at 0.72 AU.
[18] The only notable difference of this ICMEs from the average ICMEs is the average magnetic field magnitude. As we can see in Figure 1 , the ICME field magnitude is rather steady and stays above 30 nT most of the time within the flux rope. This is about 2 times higher than the average field value of 16 nT within a typical ICME [Forsyth et al., 2006] . Reexmaining the distant bow shock events from Russell and Zhang [1992] , we find that those events also occur when the magnetic field magnitude is about 30 -40 nT. The magnetosonic Mach number consists of both sonic and Alfvenic Mach numbers. Since the Alfvenic Mach is inversely proportional to magnetic field magnitude, a twofold increases of the field can lead to a factor of 2 decrease of the Alfvenic Mach number. In this ICME event, the persistent abnormal enhanced magnetic field within flux rope might be the reason of low Mach number which resulted in the rare distant bow shock observations.
[19] In summary, Venus plasma environment provides a better natural laboratory to study the fundamental plasma physics since the obstacle to solar wind is rather stable and less variable in comparison with the Earth's magnetosphere. This is particularly true during the ICME passages when the solar wind dynamic pressure is about 3 times higher so that the ionosphere is magnetized and the obstacle is less compressive. In addition, the slowly varying IMF direction, strength and other solar wind parameters provide a quasisteady background condition, making it easier to distinguish between spatial and temporal variations. Finally, such extreme solar events provide rare vehicles for testing simulation and modeling to understand planetary atmosphere evolution.
